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Chromatin organization and gene-gene interactions are critical components of carrying out devel-
opmental programs. Phillips-Cremins et al. identify a series of unexpected architectural proteins
that work in a combinatorial manner to functionally organize chromatin in a cell-type-specific
manner at the submegabase-length scale.Despite numerous advances in genome
sequencing technology, the principles
that govern the compaction and 3D
organization of chromatin within the cell
nucleus remain poorly understood. In
this issue of Cell, Phillips-Cremins et al.
(2013) generate high-resolution maps of
chromatin interactions across seven
genomic regions in mouse embryonic
stem cells (ESCs) and neural progenitor
cells (NPCs). Intriguingly, the authors
discover that cell-type-specific chromatin
organization exists at the submegabase
level and that this organization is medi-
ated by a series of unexpected architec-
tural proteins.
Chromatin in the mammalian cell
nucleus is organized into chromosome
territories (Figure 1A), which exhibit
varying degrees of intermingling in the
3D nuclear space (reviewed in Cremer
et al., 2006). The development of Hi-C
(high-throughput detection of chromo-
somal interactions) technology has
enabled analysis of chromatin organiza-
tion and long-range chromatin interac-
tions in an unbiased genome-wide
manner at the megabase scale (Lieber-
man-Aiden et al., 2009). Subsequent
Hi-C and 5C (carbon-copy chromosome
conformation capture) studies haveshown that chromosome territories are
further organized into megabase- to sub-
megabase-sized interacting domains
named ‘‘topologically associated do-
mains’’ or TADs (Figure 1B), which are
present throughout the genome, con-
served between species, and invariant
across cell types (Dixon et al., 2012; Hou
et al., 2012; Nora et al., 2012; Sexton
et al., 2012). Although higher-order chro-
matin organization and gene-gene inter-
actions have been studied, the factors
mediating chromatin interactions within
TADs remain elusive.
Phillips-Cremins et al. employ a 5C
strategy, in association with high-
throughput sequencing, to examine chro-
matin interactions at seven genomic
regions, including key developmentally
regulated genes (Oct4, Nanog, Nestin,
Sox2, Klf4, and Olig1-Olig2). The authors
assess chromatin interactions at the reso-
lution of4 kb fragments, a vast improve-
ment on the 40 kb resolution previously
reported using genome-wide Hi-C tech-
niques (Dixon et al., 2012), and revealed
smaller interacting regions within TADs
(sub-TADs). Remarkably, over 60 sub-
TADs are found amidst the seven previ-
ously identified TADs. Overall, 260
long-range interactions common toESCs and NPCs are described. Impor-
tantly, 83 ESC-specific interactions and
165 NPC-specific interactions are identi-
fied. Thus, although some TADs are
invariant across different cell types, this
study has uncovered cell-type-specific
differences in chromatin organization
within TADs at the submegabase level.
In order to better understand the sig-
nificance of the identified cell-type-spe-
cific chromatin interactions, the authors
compared their results to published epige-
nomic data sets. Interestingly, some
genomic regions that are engaged in 3D
interactions in ESCs, such as Sox2 and
Oct4, are enriched for histone modifica-
tions characteristic of putative enhancers
(H3K4me1, H3K27ac, and low levels of
H3K4me3). Loss of these characteristic
enhancer histone modifications in NPCs
is paralleled by the loss of ESC-specific
looping interactions at these loci. Although
these data provide a tantalizing link be-
tween cell-type-specific gene expression
and chromatin conformation, the authors
also note that some gene loci do not
change looping interactions during differ-
entiation, despite changes in geneexpres-
sion. Therefore, such chromatin interac-
tions are likely involved in transcriptional
regulation at some, but not all, gene loci.53, June 6, 2013 ª2013 Elsevier Inc. 1187
Figure 1. Chromatin Organization in the Mammalian Nucleus
(A) Chromosomes are organized in chromosome territories. (Nonchromatin nuclear regions are not shown in this schematic drawing).
(B) Chromatin within chromosome territories is further organized into topologically associating domains (TADs).
(C) CTCF, Mediator, and cohesin cooperate to organize chromatin interactions at the megabase and submegabase level.Previous studies had noted that CTCF
and/or cohesin binding sites are enriched
at TAD boundaries (Dixon et al., 2012,
Nora et al., 2012). However, because
these sites are also frequently found
within the TADs themselves, it has been
suggested that CTCF and cohesin could
not be the sole determinants of TAD struc-
ture (Nora et al., 2012). Now Phillips-
Cremins et al. provide evidence that
CTCF and cohesin organize ‘‘constitu-
tive’’ long-range DNA interactions at the
boundaries of megabase-level TADs.
Within these TADs, distinct combinations
of CTCF, cohesin, and Mediator are
involved in chromatin looping at different
length scales (Figure 1C), with the most
proximal (<100 kb) enhancer-promoter in-
teractions being bridged by cohesin and
Mediator and those greater than 1 Mb
being anchored by CTCF + cohesin or
CTCF alone. Binding of all three proteins
was observed at chromatin loops of inter-
mediate size range <300 kb, whereas
Mediator binding alone was observed at
intermediate lengths of 600–1,000 kb.
Importantly, using 3D DNA FISH, the
authors successfully verify predicted
constitutive and cell-type-specific chro-
matin interactions in individual cells.
Further, the close proximity of the two in-
teracting regions is lost upon knockdown
of CTCF, cohesin, or Mediator subunits,
thereby supporting a role for these pro-
teins in chromatin looping interactions.
Of interest, genes shown to exhibit cohe-
sin-mediated interactions in the present
study correlate with a previous study1188 Cell 153, June 6, 2013 ª2013 Elsevier Indemonstrating that knockdown of cohe-
sin or Mediator results in a greater reduc-
tion in the expression of these genes
versus expression of all genes. (Kagey
et al., 2010). Therefore, in light of the pro-
posed role for CTCF/Mediator/cohesin in
genome organization, exploring the
genome-wide effect of their knockdown
on chromatin interactions would also be
of interest.
Although evidence is presented for cell-
type-specific chromatin looping, the
cofactors that cooperate with Mediator
and cohesin to bridge such cell-type-
specific interactions remain elusive. For
example, ESC-specific cohesin binding
is accompanied by Mediator binding
at 95% of interaction sites, but the
ESC-specific proteins Oct4, Sox2, and
Nanog (OSN) only colocalize at 55% of
cohesin-bound interaction sites. This in-
dicates that OSN are not solely respon-
sible for the establishment or main-
tenance of ESC-specific chromatin
interactions. Thus, although Mediator
and cohesin cooperate to produce chro-
matin interactions in ESCs that do not
exist in NPCs, additional factors or
posttranslational modifications may be
required to direct the establishment and
maintenance of ESC-specific chromatin
looping.
In this regard, Whyte et al. (2013) have
recently reported that a subset of genes
in ESCs are regulated by ‘‘superen-
hancers,’’ which are distinguished from
typical enhancer elements by their larger
size (8 kb). In addition, although typicalc.ESC enhancers are enriched for Mediator
and OSN occupancy, superenhancers
show a striking enrichment for additional
binding of Klf4 and Esrrb. Therefore, it is
possible that proteins such as Klf4 and
Esrrb may play an architectural role
at the ESC-specific cohesin/Mediator-
bound interaction sites, even where OSN
are not present.
Although these exciting results have
provided significant new insights re-
garding chromatin organization, such 5C
studies are based upon an average
signal from tens of millions of asynchro-
nous cells. Future studies to assess
potential cell-cycle differences as well
as the dynamics of these chromatin
interactions in interphase as well as pre-
and postmitotic cells would be of great
interest.
In summary, Phillips-Cremins and col-
leagues have identified an unexpected
role for CTCF, Mediator, and cohesin in
cell-type-specific chromatin organization.
These architectural proteins are proposed
to work together in a combinatorial
fashion to organize the genome in 3D
nuclear space. The stage is now set to
determine whether the principles of
combinatorial binding at different chro-
matin length scales observed in this study
can be extended to other cell types and
differentiation paradigms.ACKNOWLEDGMENTS
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Linear ubiquitin (Ub) plays a role in nuclear factor kB signaling, but the deubiquitinating enzyme that
disassembles these chains was unknown. In this issue of Cell, Keusekotten et al. identify a new
enzyme that disassembles linear chains with the use of a mechanism that relies on Ub itself to
help catalyze peptide bond cleavage.Ubiquitination plays a remarkable range
of signaling roles in diverse cellular pro-
cesses, including protein degradation,
the DNA damage response, kinase acti-
vation, and the inflammatory response
(Komander and Rape, 2012). The ubiqui-
tin (Ub) modification can consist of a sin-
gle Ub protein (monoubiquitination) or
one of a variety of polyubiquitin (polyUb)
chains, each signaling a distinct outcome.
The Ub C terminus is covalently linked to
substrate lysines in the E1-E2-E3 enzyme
cascade, yielding an isopeptide bondwith
the epsilon amine of lysine. Ub itself can
be ubiquitinated at any of its seven
lysines, resulting in different types of
polyUb chains. Adding to this complexity
was the discovery of Met1-linked linear
polyUb chains that are assembled by
peptide bond formation between the
C terminus of one Ub and the N terminusof the next (reviewed in Rieser et al.,
2013). The most well-characterized role
of linear Ub is in TNFa signaling, where
these polyUb chains are instrumental in
activating the inhibitor of kB kinase (IKK)
complex and, ultimately, lead to the trans-
location of nuclear factor kB (NF-kB)
to the nucleus (Tokunaga et al., 2009). A
key question in studies of linear polyUb
signaling is how this unique chain type is
assembled and degraded. Only one E3
ligase complex, linear Ub chain assembly
complex (LUBAC), is known to assemble
linear Ub (Kirisako et al., 2006), whereas
the identity of the deubiquitinating
enzyme that specifically cleaves linear
Ub remained unknown. In this issue of
Cell, Keusekotten et al. (2013) identify
a deubiquitinating enzyme (DUB) that
they name OTULIN (ovarian tumor [OTU]
DUB with linear linkage specificity)that cleaves linear Ub and antagonizes
LUBAC, thereby regulating NF-kB sig-
naling (Figure 1A).
Although upwards of 90 DUBs have
been identified in the human genome
(Komander et al., 2009), the enzyme that
cleaves linear Ub turned out to be a
previously unannotated protein called
Fam105b. Keusekotten et al. (2013)
used a bioinformatics screen to identify
Fam105b as a putative member of the
OTU family of DUBs with an intact cata-
lytic triad of Cys, His and Asn. However,
in contrast to the 14 known OTU family
members, they found that FAM105b/
OTULIN is unable to cleave isopeptide
linkages. Instead, OTULIN is a peptidase
that exclusively cleaves Met1-linear Ub.
A particular surprise is that OTULIN
does not cleave Lys63-linked polyUb,
despite the similarity between linear and53, June 6, 2013 ª2013 Elsevier Inc. 1189
